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ABSTRACT

Author: Fernandez, Nadia, B. MS
Institution: Purdue University
Degree Received: August 2018
Title: Genetics and Genomics of Golden Eagle Populations with Contrasting Demographic
Histories
Major Professor: J. Andrew DeWoody
Most species are constrained by geographic barriers to dispersal and geneflow, and such
limitations have demographic and genetic consequences. We tested whether a highly vagile bird
of prey, the golden eagle (GOEA; Aquila chrysaetos), exhibits disparate genetic signatures among
island (Channel Islands, California, USA), peninsular (Baja California Peninsular region, USA)
and mainland (California, USA) regions given the contrasting demography and phylogeography
among regions. We utilized a SNP assay to estimate heterozygosity, inbreeding coefficients, and
the effective population sizes (Ne) of GOEAs. In addition, we sequenced six GOEA genomes to
obtain comprehensive measures of homozygosity (i.e., runs of homozygosity, ROHs) burden as
well as estimates of nucleotide diversity. Our samples from the Channel Islands were clearly
differentiated from both the peninsular and mainland samples, but there was no genetic
differentiation between the peninsular and mainland samples. We found that the island samples
exhibited signatures of a founder effect, including lower heterozygosity, reduced Ne, and a higher
ROH burden than the mainland or peninsular samples. Overall, the genetic markers and the wholegenome sequence data indicate that the Channel Islands samples are genetically distinct from the
mainland and peninsular samples, likely as a result of a relatively recent demographic bottleneck
followed by bouts of genetic drift and inbreeding. We also found that, unlike smaller and less
mobile vertebrates (e.g., rodents, passerines, and lizards), the GOEA gene pool near Baja
California is relatively homogenous across distinct phylogeographic domains separated by the San

x
Andreas fault. The genetic isolation exhibited by the island GOEAs almost certainly results from
their recent colonization (due to bald eagle extirpation associated with DDT exposure) and
subsequent anthropogenic removal (due to predation on an endangered island fox).
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GENETICS AND GENOMICS OF GOLDEN EAGLE POPULATIONS
WITH CONTRASTING DEMOGRAPHIC HISTORIES

Introduction
The study of biogeographical events and the associated patterns of genetic variation have
provided important insight into organismal natural history and evolutionary biology (Avise et al.,
1987; Avise, 2000; Hewitt, 2001; Schierenbeck, 2014). The technical advances associated with
DNA analysis have facilitated a growing resolution in studies of phylogeny, divergence times, and
population genetics of many taxa. Such studies have revealed, usually indirectly, that the effective
dispersal capacity of many wildlife species may be constrained by large geographic features (e.g.,
faults or mountain ranges) that can impose significant barriers to dispersal. Many phylogeographic
studies across taxa have documented reduced gene flow among geographical regions separated by
such barriers. For instance, Brown (1971) and Patterson (1980) explained mammalian diversity by
topographical characteristics (e.g. peak height, highest pass, etc.) of montane islands in the Great
Basin and southern Rocky Mountains of the western United States. Additionally, avian studies in
the Great Basin determined that species richness of resident birds on the mountain islands was not
limited to dispersal distance from the source areas in the Sierra Nevada and Rocky Mountains
(Johnson, 1975; Behle, 1978; Brown, 1978). Other types of geographic features may also act as
filters or barriers to gene flow. For example, California's San Andreas Fault (Fig. 1) is of
evolutionary significance because genetic variability has been partitioned east and west of the fault
line in a number of terrestrial species (e.g. pocket mice (Heteromyidae: Chaetodipus), desert
ground squirrels (Ammospermophilus leucurus), spiny lizards (Sceloporus magister), and rosy
boas (Lichanura trivirgata; Riddle et al., 2000; Whorley et al., 2004; Leache & Mulcahy, 2007;
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Wood et al., 2008). This partitioning is largely a function of restricted gene flow over evolutionary
timescales.

Are the gene pools of highly mobile (e.g., volant) species also impacted by such geologic
features? Golden eagles (Aquila chrysaetos; hereafter GOEA) are vagile raptors with a Holarctic
distribution that includes most of North America. Previous genetic studies have shown that
GOEAs in North America are genetically heterogeneous and, perhaps unsurprisingly, follow a
general isolation-by-distance model (Sonsthagen et al., 2012; Doyle et al., 2016). Telemetry
studies have documented migratory routes and long-distance movements of this species across
various landscape features (Brodeur et al., 1996; McIntyre et al., 2008; Katzner et al., 2012, 2015),
and the collective data indicate that some GOEA subpopulations are migratory and others largely
sedentary. Large-scale movements such as migration may enable GOEAs to cross geographic
features that serve as barriers for terrestrial vertebrate species (e.g., mountains), but such landscape
features may still serve as filters if not absolute barriers to gene flow (Doyle et al. 2016). Our
research explores how GOEAs might deviate from an overly simple isolation-by-distance model
of genetic divergence (as generally seen in continental-scale surveys) by comparing genetic
diversity among island, peninsular, and mainland GOEAs on a more regional scale.

The Baja California Peninsula comprises an assortment of landscapes and habitats, which
include tropical deciduous forests, xeric mountains, and low arid plains (Riddle et al., 2000). The
establishment of the Baja California Peninsula was a result of the extension and strike slip faulting
along the North American and Pacific plates that caused the peninsula to separate from the
Mexican mainland about 5.5 million years ago (Riddle et al., 2000). The Baja California Peninsula
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and most of southwest California is a remnant of the North American continent that was sheared
off and carried northward on the Pacific plate to its present location. This transfer of the peninsula
to the Pacific plate led to the opening of the Gulf of California (Fig. 1). The geological activity of
the peninsula resulted in an ecological transformation that has altered the region from a relatively
moist habitat to an arid and spreading desert (Axelrod, 1979; Ruddiman & Wright, 1987; Van
Devender et al., 1987). The complex environmental history of Baja California has had a great
effect on the evolution, distribution, and genetic structures of its terrestrial vertebrates (e.g. redspotted toad (Bufo punctatus), mice, rats, mule deer (Odocoileus hemionus), and gopher snake
(Pituophis melanoleucus) (Gallina et al., 1991; Riddle et al., 2000; Riddle, Hafner et al., 2000)
where geographically separated phylogroups have been observed. In particular, southern
California and the Baja California Peninsula have acted as a separate area of endemism within the
Nearctic realm based on the spatial patterns of various terrestrial mammals (Escalante et al., 2013).

Various avian species (e.g. quails, towhees, and thrashers) may have dispersed southward
into Baja California following Zink and Dittmann’s (1991) assemblage of avian species to southern
California. In California Thrasher (Toxostoma redivivum; Burns, 2003), Le Conte’s Thrasher
(Toxostoma lecontei; Vázquez-Miranda et al., 2017), and California Towhee (Melozone crissalis;
Zink & Dittmann, 1991), evidence suggests restricted gene flow between California and the Baja
California region. Additionally, Zink et al. (1987) hypothesized that the California Quail dispersed
southward into Baja California subsequent to its connection to the southern California mainland.
Therefore, support for the colonization of Baja California occurring subsequent to the connection
with mainland California is measurable in several passerine bird species. However, the extent to
which this phylogeographic break between Baja and mainland California apples to larger, more
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vagile avian species such as raptors has not been fully explored. Although GOEAs are among the
most mobile of avian species in North America, the subtle continental genetic structure
documented in Doyle et al. (2016) suggests this species might also exhibit genetic discontinuities
between Baja California Peninsula and mainland California. Much of California's southernmost
county (San Diego) is biogeographically connected to the Baja California Peninsula, and various
peninsular species have northernmost range limits that include portions of San Diego county
(Upton & Murphy, 1997; Wood et al., 2008). Therefore, for this study, we utilized GOEA samples
from San Diego County as representatives of the Baja Peninsula’s phylogeographic domain
because our “peninsular” sampling regions are on the Pacific Plate west of the San Andreas Fault
with the Baja California Peninsula proper (Fig. 1). We compared these peninsular samples to
samples from “mainland” California to assess the effectiveness of the San Andreas fault as a filter
or barrier to gene flow in GOEAs.

Beyond the isolation that occurs on the Baja California Peninsula, island GOEA
populations may also be impacted by distinct structural and environmental variables. California's
eight Channel Islands are located off the coast of California and vary in size, topography, and
geographic isolation. Such attributes make the Channel Islands conducive to both evolutionary and
conservation questions. For example, the Channel Island foxes (Urocyon littoralis) were likely
introduced by Native Americans in the early to middle Holocene (Collins, 1991; Rick et al., 2009).
However, since the arrival of GOEAs in the mid 1980s, fox populations plummeted to a status of
critically endangered (Coonan et al., 2005). Prior to the arrival of GOEAs, bald eagles (Haliaeetus
leucocephalus) inhabited these islands, but due to the widespread use of DDT
(dichlorodiphenyltrichloroethane), the bald eagle island population was extirpated and ultimately
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GOEAs have emerged as the dominant apex predator (Kiff, 1980; Latta et al., 2005). Sonsthagen
et al. (2012) hypothesized that the northern Channel Islands GOEA colonization occurred from
only a few founders. If this is the case, high levels of inbreeding are likely occurring on these
islands, which can result in increased homozygosity and ultimately, can affect the individual
fitness. Previously, the GOEAs in the Channel Islands (hereafter, “island”) have shown strong
signatures of divergence from mainland California GOEAs (Sonsthagen et al., 2012).

In this study, we examined the patterns of GOEA genomic structure between island,
peninsular, and mainland/continental habitats to provide insight into the biogeographic and
evolutionary processes that have shaped their gene pools. We provide evolutionary insights into
the size and connectedness of regional GOEA “populations” while simultaneously informing
conservation and management efforts by examining several hypotheses. Previous microsatellite
studies of GOEA have shown genetic structure between the mainland and the Channel Islands
(Sonsthagen et al., 2012), but we know of no published papers on the genetic structure of
peninsular GOEAs. We predicted significant divergence of island gene pools relative to mainland
and, considering the phylogeographic breaks observed across the San Andreas fault in previous
studies, we predicted that peninsular GOEAs would also exhibit genetic divergence relative to both
island and mainland populations.

Our study also examines whether inbreeding is more prevalent in the island GOEAs as
higher inbreeding levels are often inherent in island populations. We used an array of 86 single
nucleotide polymorphisms (SNPs) to estimate inbreeding using the conventional inbreeding
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coefficient, GIS (Nei, 1987), and supplemented these estimates with whole genome resequencing
data to estimate inbreeding from runs of homozygosity (ROHs).

Segments of DNA that are identical by descent (IBD) represent identical copies derived
from a single chromosome segment in a common ancestor. Traditionally, inbreeding was
determined through evaluating the degree of relatedness of an individual with pedigree information
(Wright, 1922), but acquiring complete pedigree information from a wild population is virtually
impossible. In wild populations, inbreeding levels can be determined by estimating departures
from expected zygosity at SNP loci or by estimating the proportion of contiguous homozygous
segments of the genome (ROHs; McQuillan et al., 2008) using whole genome sequence (WGS)
data.

The use of ROHs to calculate inbreeding (FROH) is highly positively correlated with the
pedigree inbreeding coefficient FPED (Keller et al., 2011) and discrepancies between the two are
often the result of pedigree errors, not genotyping errors (Ferenčaković et al., 2011; Purfield et al.,
2012, Ferenčaković et al., 2013). Since the Channel Islands are thought to be recently founded by
a few immigrants from the mainland (Sonsthagen et al., 2012), we predicted that island GOEAs
would exhibit the largest fragments of ROHs within their genomes since there are a) less
opportunities for recombination to break up these fragments due to the small population size and
a recent colonization event as well as b) more opportunities for mating between closely related
individuals.
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To gain perspective on the historical demography of GOEAs, we estimated effective
population size (Ne) in samples from all three regions (island, peninsular, and mainland) using both
a SNP array and WGS data. These data are interpreted in light of the microsatellite-based estimates
of Sonsthagen et al. (2012) and the SNP array data of Doyle et al. (2016).

Ultimately, the objectives of this study were 1) to describe the genetic structure among our
three sampling regions using SNP data; 2) to quantify and contrast inbreeding in genomes from
each region using a) SNP data and b) runs of homozygosity determined from whole-genome
sequences; and 3) to estimate contemporary and long-term evolutionary Ne.
Methods
Sampling
Golden eagle samples were collected from California’s Channel Islands (Santa Rosa Island
and Santa Cruz Island), San Diego County (peninsular region) and mainland California (Fig. 1).
The samples included chicks, subadults, and adults, and were comprised of feather, bone, and
tissue. Overall, we obtained 347 samples from mainland California, 42 samples from the San
Diego County, and 17 samples from the Channel Islands.
DNA extraction
Feathers, bones, and blood samples (suspended in Longmire’s lysis buffer; Longmire et
al., 1997) were used to isolate DNA using the ammonium acetate method (Nicholls et al., 2000).
Whole blood in K2-EDTA anticoagulant buffer underwent DNA extraction using the PureLink
Genomic DNA kit (Invitrogen). Samples that were utilized for whole genome sequencing were
cleaned with Zymo Research DNA Clean and Concentration kit to remove possible contaminants.
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SNP array genotyping, genetic diversity, and Hardy-Weinberg equilibrium
A total of 406 samples (peninsular, n=42; island, n=17; mainland, n=347) were genotyped
at 86 nuclear loci using a Fluidigm SNP assay that was previously developed specifically for
GOEAs following their methods (Doyle et al., 2016). AlleleMatch (Galpern et al., 2012) was used
to identify and discard replicates of individuals (e.g., two shed feathers from the same donor
individual) for downstream analyses. Observed and expected heterozygosity were measured for
the sampling regions using Genodive v2.0b27 (Meirmans & Van Tienderen, 2004). Each locus
and population was tested for deviations from Hardy-Weinberg equilibrium expectations using a
global exact test implemented in GENEPOP v4.2 (Raymond & Rousset, 1995; Rousset, 2008)
using Markov Chain approximation (10,000 dememorization steps, 1000 batches, and 10,000
iterations per batch).
Population structure
A Bayesian clustering analysis was implemented using STRUCTURE v2.3.4 (Prichard et
al., 2000) with the Fluidigm SNP array data. Each STRUCTURE run consisted of 100,000 Markov
chain Monte Carlo (MCMC) replicates with a burn in of 10,000. The number of genetic clusters
(K) was set to range from one to five with ten independent iterations. The admixture model (which
assumes that each individual receives a portion of ancestry from population K) was used with an
adjustment to the ancestry prior for all iterations. In light of Wang’s (2017) suggestions on the use
of alpha (a, relative admixture levels between populations) in STRUCTURE’s ancestry model,
we set the alpha value to 1/K (K is the number of assumed populations). The option to calculate a
separate a for each population (i.e., we assumed there are distinct a values for the assumed K
populations and an individual may have its ancestry originating from the assumed K populations
at K different proportions) was used, and the alpha prior’s range (min/max) remained at the default
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values. The correlated allele frequency model (expects allele frequencies in different populations
to be similar to each other) was implemented for all iterations in addition to utilizing a random
number seed for each run. To obtain the most likely value of K, we then estimated LnP(K) and ΔK
using the Evanno’s method (Evanno et al., 2005) implemented in the R package Pophelper
(Francis, 2017). Pophelper (Francis, 2017) was then used to summarize and plot the STRUCTURE
outputs. The functions “clumppExport” and “collectClumppOutput” merged the multiple
iterations for each K to create a consensus run file. The consensus run files produced by the
CLUMPP executable were applied to create the STRUCTURE plots shown in the Results.
Genome sequencing
We used existing and novel sources of genomic data to analyze our GOEA samples. The
first, publicly available draft genome of the GOEA was from a single adult male trapped on the
California mainland (Doyle et al. 2014). We utilized the genomic reads from this initial assembly
(NCBI accession number: GCA_000696035.1) and also constructed paired-end libraries (2x150)
for five additional individuals. In total, the distribution of genome sequences was as follows: two
birds from Channel Islands (island), two birds from San Diego County (peninsular), and two birds
from mainland California. Aside from the reference genome of a trapped adult male (Doyle et al.,
2014), chick DNA was utilized for the remaining five samples since chicks have known
provenance (i.e., they cannot be dispersers). The novel libraries were sequenced using Illumina’s
NovaSeq 6000 in the Genomics Core Facility at Purdue University. Due to initial lower coverage
(<25x), two samples (band IDs: 0679-02608 and 0629-47383) were resequenced on a separate run
to increase mean coverage. The two resequencing datasets were merged with the previous lower
coverage datasets after preliminary alignment.
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Genome sequence assembly and alignment
The FastQC software v0.11.7 (Andrews, 2010) was used to check the quality by generating
summary statistics for the genomic sequencing data. Trimmomatic software v.036 (Bolger, Lohse,
& Usadel, 2014) was used to remove adapter sequences and low-quality bases (Phred scores <20),
and the sequences were subsequently aligned to the E. coli reference genome (NCBI accession
number: NC_000913.3) to aid in the removal of non-avian reads. Using the BWA v0.7.17 (Li &
Durbin, 2009), genomic PE reads were aligned and organized by the barcode to a GOEA reference
genome (Van Den Bussche et al., 2017; NCBI assembly accession number: GCA_000766835.1).
Lastly, SAMtools v1.6 (Li et al., 2009) was used to estimate the mean mapping coverage for each
of the six genomes.
Genome SNV identification
We identified single nucleotide variants (SNVs, as contrasted with our arrayed SNPs), to
estimate genome-wide genetic diversity, inbreeding, and long-term Ne. The software SAMtools
v1.6 (Li et al., 2009) was used to sort the alignments and generate the initial .bam files. Picardtools
v2.9.0 (http://broadinstitute.github.io/picard) was used to mark PCR duplicates and generate the
final .bam files used for downstream analyses. GATK v4.0.4.0 (Depristo et al., 2011) identified
and realigned reads around insertions/deletions and removed duplicates prior to SNV calling.
Individual genotypes for each genome sample were called across the assembly using the ‘gvcf’
option in GATK. SNVs were identified using a minimum base quality (Phred) score of 20 (to
correspond to a base call accuracy rate of 99%) with a minimum mapping quality score of 20. To
confidently detect heterozygous genomic sites (Bentley et al., 2008; Meynert et al., 2014), SNVs
were filtered to a minimum read depth of 20X using VCFtools v0.1.14 (Danecek et al., 2011) and
finally used for all downstream genomic analyses.
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Genomic nucleotide diversity
Using our SNVs, we estimated nucleotide diversity using VCFtools v0.1.14 (Danecek et
al., 2011) as the average number of nucleotide differences per genomic site within a population
(using the function “--site-pi”). Thus, nucleotide diversity was measured for each sampling region
using WGS data for all six individuals (island, n=2; peninsular, n=2; mainland=2). Finally,
bootstrap resampling was implemented in R v3.5.0 (R Core Team, 2018) with 10,000 replicates,
and then used to generate a 95% confidence interval for each nucleotide diversity measure.
Inbreeding and runs of homozygosity
Inbreeding coefficients for each population using the Fluidigm SNP genotypes were
calculated with Genodive v2.0b27 (Meirmans & Van Tienderen, 2004). We also used runs of
homozygosity (ROHs) to quantify inbreeding. To identify ROHs, we used VCFtools v0.1.14
(Danecek et al., 2011) to prepare necessary input files for PLINK software v1.9 (Purcell et al.,
2007) to identify ROHs using filtered SNVs by implementing a sliding window approach. The
sliding window approach identified ROHs by including portions of the genome that spanned at
least 20 homozygous sites and allowing for a single heterozygous SNV. The Kruskal-Wallis test
was used to test for differences between the total mean ROH length of all the individuals between
the three geographical regions using R v3.5.0(R Core Team, 2018). Additionally, bootstrap
resampling was implemented in R with 10,000 bootstrap replicates to generate a 95% confidence
interval for the mean ROH length for each population. Next, the inbreeding coefficient FROH was
calculated by dividing the total sum of the ROH for each individual (SROH) by the total genome
length captured (measured using GATK) by each individual’s assembly. In total, four different
ROH parameters were estimated: 1) the number of ROHs in each genome (NROH); 2) the min,
max, median, and mean length of ROHs; 3) the total estimated ROH length (SROH); and 4) the
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inbreeding coefficient (FROH). We colloquially refer to these collective measures as the ROH
burden.
Effective population size
Finally, we used both the Fluidigm SNPs and the genomic SNVs to estimate effective
population size (Ne) across different time scales. We estimated contemporary effective population
sizes (Ne) using the Fluidigm SNP genotypes. Specifically, we used NeEstimator v2.1 (Do et al.,
2014) and implemented the linkage disequilibrium method and genetic monogamy (Doyle et. al
2016). Explicit Pcrit (function to exclude rare alleles) values were implemented following the
recommendations by Waples and Do (2010): 1) if S >25 (where S is the number of individuals
sampled), use Pcrit of 0.02 and 2) if S £ 25, use 1/(2S) < Pcrit £ 1/S. Next, we used our genomic
SNVs to estimate the long-term evolutionary effective population sizes captured by the population
genetic parameter theta (θ = 4Neµ). (Kimura & Crow, 1964). Theta serves as a measure of genetic
variability that is a function of the effective population size (Ne) and the mutation rate per site per
generation (!). Using this logic, genetic variability (i.e., heterozygosity across the genome) was
measured

across

each

individual’s

genome

using

custom

Linux

scripts

(github.rcac.purdue.edu/nbfernan). Theta was calculated as the observed heterozygosity for each
individual by the number of heterozygote sites divided by the total number of genomic sites
(considering only sites with a minimum of 20X coverage). Ultimately, the genetic variability (i.e.,
theta) can be used to assess ancient admixture of the population as well as current delineations
(Green et al., 2010; Durand et al., 2011; Patterson et al., 2012).

While theta does not serve as an exact measure of Ne, we utilized this population genetic parameter
to compare the contemporary Ne to the long-term Ne. To do so, we applied the mutation rate ! =
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3.29 E-09 of a related species (white-tailed eagle, Haliaeetus albicilla; Nadachowska-Brzyska et
al., 2015) and theta that was averaged for each of our populations.
Results
SNP array genotyping, genetic diversity, and Hardy-Weinberg equilibrium
We successfully genotyped a total of 361 unique individuals (island, n=17; mainland,
n=309; peninsular, n=35) to utilize for downstream population analyses. The genetic diversity
estimates (heterozygosity levels and deviations from Hardy-Weinberg equilibrium) are reported
in Table 1. The observed heterozygosity ranged from 0.32 (island) to 0.38 (mainland) with a mean
observed heterozygosity of 0.36 (SD=0.0012). The expected heterozygosity ranged from 0.29 to
0.39 (island and mainland, respectively), with a mean expected heterozygosity of 0.38 (SD=0.011).
The island and mainland regions deviated from Hardy-Weinberg equilibrium in different ways
(i.e., excess of heterozygotes and deficit of heterozygotes). The island region had an excess of
heterozygotes (p-value < 0.001) whereas the mainland region had a deficit of heterozygotes (pvalue < 0.001); the peninsular region did not significantly deviate from Hardy-Wardy equilibrium
(Table 1).
Population structure
The initial STRUCTURE analysis across all three sampling regions (Fig. 2) indicated
strong differentiation of the island population from the peninsular and mainland regions (K=2,
Appendix fig. A.1). This first run utilized all samples available from island (n=17) and the
peninsular regions (n=35) but randomly subsampled from the mainland (n=35, total of five
separate runs) to strive for more equal sampling sizes among the three groups. We also used
STRUCTURE to compare peninsular samples (n=35) and a subsampled set of the mainland region
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(n=35; Appendix fig. A.2). Within the peninsular region, Evanno et al.’s (2005) measure of ΔK
(second order rate of change in the likelihood) revealed a weak peak value (Appendix fig. A.3).
Therefore, there was no clear support for a true K value (Appendix figs. A.4-A.11). Lastly, we
analyzed just the mainland and island samples (Appendix figs. A.12 and A.13) to determine if
there was a change in the values of K when the peninsular group was absent, but we still found
that K was best to be assumed two clusters.
Genome sequencing, assembly, alignment, and SNV identification
We obtained a minimum of ~432,000,000 genomic reads for each individual (after cleanup
and filtering). The mean coverage across the genome ranged from ~40X to ~75X and all
individuals had reads aligning to 100% of the reference genome (Table 2). A minimum of
~2,313,000 SNVs were identified for each individual at 20X coverage.
WGS nucleotide diversity
Nucleotide diversity at sites with at least 20X mean coverage was measured per SNV and
the results were bootstrapped to provide a 95% confidence measure (Table 2). After bootstrap
resampling, nucleotide diversity was significantly lower for island samples with a value of 0.39
(SE= 2E-04) and was significantly higher in the mainland population with a value of 0.42 (SE=2E04).
Inbreeding and runs of homozygosity
Individuals from all three regions had ~4,000 ROHs (Table 3) but the island population
had the longest ROHs (ranging from ~3,400kb to 5,500kb) compared to the other two populations
(Fig. 3). After bootstrap resampling for each of the three sampling regions, the island population
had the highest mean ROH length of ~83kb (SE=2.24), the peninsular population had the lowest
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mean ROH length of ~59kb (SE=1.43), and the mainland population had a mean ROH length of
~70kb (SE:1.42). The island population had the largest portion of their genomes in ROHs with a
minimum of ~313,000kb. The peninsular and mainland populations generally had lower total
ROHs in their genomes with a value as low as ~175,000kb. The Kruskal-Wallis test did not
indicate any significance among all three sampling groups, but it is a statistically weak test in these
circumstances (i.e., with few individuals).

The inbreeding coefficients (FROH) ranged from 0.15 to 0.28. In general, the island
population had the higher inbreeding coefficient values and the peninsular group had the lower
inbreeding coefficient values. Again, the Kruskal-Wallis test indicated no significant difference
among the three inbreeding coefficients.
Effective population size
Following recommendations (Waples & Do, 2010) as previous described, we used a Pcrit
value of 0.04 when using the SNP array to estimate Ne for the island region, 0.02 for the peninsular
and mainland regions (Table 1). We found that the island region had an estimated contemporary
Ne of 18.4 individuals (95% CI: 10.3-37.7), the peninsular region had an estimated Ne of 87.9
individuals (95% CI: 51.2 - 207.0), and the mainland had an estimated Ne of 233.3 individuals
(95% CI: 197.5-277.9).

The estimated long-term evolutionary effective population sizes using theta (with the WGS
SNV data) produced Ne estimates of 92,308 from the island region, 103,846 from the peninsular
region, and 119,231from the mainland region (Table 2). Since Ne was calculated using the measure
of theta (i.e., genetic diversity in this study), the island population had the lowest average theta
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value of 0.0012 while the mainland individuals had the highest average theta value of 0.00155
(Table 2).
Discussion
Avian populations such as GOEAs can be subject to restricted gene flow by geographic
barriers, and ultimately, biogeographical events can impact their gene pools. This study utilizes
two methods (i.e., Fluidigm SNPs and SNVs) to explore the distribution of genetic variation in
GOEAs while attempting to untangle how this vagile species is impacted by biogeographical
events such as the continental drift that formed the Baja California Peninsula. In this study, we 1)
described the genetic structure among our three sampling regions using SNP array data; 2)
quantified inbreeding patterns from each region, and 3) estimated contemporary and long-term
evolutionary Ne for all three sampling regions.

First, our data indicated that heterozygosity as measured with the SNP array (Table 1) and
with SNV data (Table 2) was lower in the island individuals compared to the mainland and
peninsular individuals. Our SNP array was designed to query presumptively neutral and nonneutral
SNPs (Doyle et al., 2016) and thus, these data indicated that although reduced, the island
population still harbors substantial genetic variation at functional loci scattered across the genome.
This is important, as there is a heterozygote advantage (a decrease in fitness that coincides with
homozygosity) in GOEAs due to viability selection (Doyle et al. 2016). Furthermore, other island
populations that were driven to extinction exhibited evidence of genetic erosion such as an
increased incidence of pseudogenes relative to functional genes when compared to mainland
conspecifics (Rogers & Slatkin, 2017).
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Second, our evidence strongly suggests there were two genetic clusters of GOEAs among
our three sampling regions. The island group was genetically distinct from both the mainland and
peninsular groups (Fig. 2), similar to the microsatellite and mitochondrial DNA findings of
Sonsthagen et al. (2012). Our results suggest there is little recent gene flow occurring between the
mainland and the Channel Islands. In contrast, there was no clear genetic partition separating the
peninsular and mainland groups as we initially hypothesized. Therefore, the high vagility of the
GOEA has led to gene flow occurring across the San Andreas fault, which is in sharp contrast to
other regional terrestrial fauna (Kuchta et al., 2009; Reilly et al., 2015) yet corresponds to other
findings within avian passerine species such as the California gnatcatcher (Polioptila californica;
Zink et al., 2013, 2016)

Third, our WGS data indicated that the island GOEAs exhibited the largest ROH burden;
they had the longest ROHs, the most ROHs, and the highest inbreeding coefficient (FROH) values.
The colonization of the northern Channel Islands by GOEAs is a recent event hypothesized to have
occurred about three decades ago. They subsequently occupied the islands for a more than decade
before human intervention (i.e., management emigration; see below). Collectively, these findings
indicate that even large, highly mobile birds are subject to founder effects, inbreeding, and genetic
drift.

Finally, we estimated Ne of all three populations using two different measures. The
Fluidigm SNP array data from the island samples produced the smallest estimate of contemporary
Ne of ~18 individuals whereas the mainland group had the largest Ne with ~233 individuals. These
estimates are similar to those of Doyle et al. (2016), who produced an Ne estimate of ~400
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individuals using samples from much of the western U.S. These estimates of contemporary Ne can
be compared to estimates of contemporary census sizes. Millsap (2013) estimated a census size of
25,450 to 41,710 individuals in a partial survey of the western U.S. Our long-term Ne estimate
from the SNV data yields much larger estimates (Table 2) than the contemporary Ne estimates
(Table 1), but the pattern was the same in that the island individuals consistently produced the
smallest estimate (for both long-term and contemporary Ne). The large long-term Ne estimates
relative to contemporary census size estimates may indicate that GOEA populations were
historically much larger than today, likely due to the ongoing biological “annihilation” of the sixth
mass extinction (Ceballos et al., 2017).

From 1999-2007, nearly all of the known GOEAs on the northern Channel Islands were
translocated back to mainland California in an effort to save the island fox population (Coonan et
al., 2010). The samples sequenced from the northern Channel Islands in this study were collected
between 2001-2005, during translocation. Thus, the signatures of inbreeding and reduced Ne
exhibited by the Island birds existed before the translocation that took place and presumably
stemmed from a founder effect. Today, GOEAs are rare on the Islands in part because of
competition with reintroduced bald eagles (Coonan et al., 2010) and with peregrine falcons (Falco
peregrinus). Our evidence suggests that in the 2000s, there was very little gene flow between the
northern Channel Islands and the mainland, and if that is still true today then contemporary GOEA
populations on the island may also be subject to founder effects and/or bottlenecks.

Like all data sets, ours have limitations. First, our sample sizes are small due in part to the
inherent difficulties associated with sampling eagles (i.e., low population densities in remote
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habitat; Katzner & Tingay, 2010). The host of state, federal, and international permitting issues
associated with GOEAs can impede sampling, especially due their conservation protection. More
robust sampling would lead to better estimates of all population genetic parameters and greater
biological insight. For example, although our samples were within the plate boundary of the
peninsular region, future researchers also should consider incorporating GOEA samples from both
the Baja California Peninsular proper and mainland Mexico to determine if these birds are moving
across the Gulf of California or if they are isolated. Second, the natal origin of one adult male from
the California mainland (band ID: 0679-02608) is uncertain because it was captured as an adult; it
is possible that this eagle dispersed to the mainland from another region. This could influence the
interpretation of our WGS SNV data for this particular individual, but we think this is a remote
possibility and highly unlikely given the large mainland census population (Millsap et al., 2013).
Third, our samples might include some family groups, and we did not take this into consideration.
However, it’s also likely family groups were captured in the both the island and the peninsular
groups because of their sample sizes and because the sampling in this study was opportunistic.
While this may play into the effect of likely underestimating genetic diversity in the mainland
sampling region and possibly inflating estimates of inbreeding, we suspect the measures of the two
sampling regions may be influenced as well.

Notwithstanding the limitations of this study, we think there are also strengths. We
successfully genotyped 361 GOEAs and analyzed six WGS to high depth. These analyses captured
most of the genetic/genomic variation in GOEAs from southwest North America. For example,
with respect to the WGS data, we captured 100% of the reference genome with all assemblies and
we analyzed a very large percentage of the GOEA genome. To our knowledge, utilizing six high
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depth genomes from a single raptor species has yet to be done, and these data will be valuable for
comparative analyses as the cost of sequencing large genomes decreases and WGS becomes more
commonplace. Finally, the Fluidigm SNP array captured genetic variation at both neutral and
nonneutral regions; these nonneutral regions include genes which encode proteins like BMP4 (a
bone morphogenesis protein) that are known to be targets of natural selection in raptors (Zhan et
al., 2013). The SNP array enabled us to sample a relatively large number of individuals because
of the success rate the technology has to amplify small quantities of DNA (i.e., feather DNA) that
can be non-invasively collected from a wild species. The methods we utilized in this study to test
our hypotheses enabled us to measure the genetic differentiation in golden eagles with distinct
demographic histories and interpret GOEAs ability to overcome distinct geographic regions.
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Table 1. Number of samples (N), Heterozygosity Levels (HO= observed; HE=expected), and Effective Population Size (Ne) Estimates
for Island, Peninsular, and Mainland GOEAs Based on the Fluidigm SNP Array. The number of samples consists of successful and
unique genotypes. Observed and expected heterozygosities were measured on these genotypes, deviations from Hardy-Weinberg
equilibrium were measured using exact test for two alternative hypotheses—heterozygosity excess (HWEexcess) or deficit (HWEdeficit).
For those tests, p-values are given with standard deviation as estimated with a Markov Chain approach. Inbreeding coefficient (GIS;
with standard deviations; *p < 0.001), and the effective population size (with 95% confidence intervals from jackknifing over
individuals) are also provided.
Jackknife CI

Regions

N

HO

HE

HWEexcess

HWEdeficit

GIS

Ne

Island

17

0.32 ± 0.03

0.29

< 0.001 ± 0.00*

> 0.999 ± 0.00

-0.123 ± 0.03*

18.4

[10.3 – 37.7]

Peninsular

35

0.38 ± 0.01

0.38

0.420 ± 3E-04

0.580 ± 3E-04

0.015 ± 0.02

87.9

[51.2 - 207.0]

Mainland

309

0.38 ± 0.01

0.39

> 0.999 ± 0.00

< 0.001 ± 0.00*

0.026 ± 0.01*

233.3

[197.5 - 277.9]

Overall

361

0.36 ± 0.01

0.38 ± 0.01

> 0.999 ± 0.00

< 0.001 ± 0.00*

-0.016 ± 0.01*

-

-

(95%)

1
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Table 2. Individual Information and Genome Statistics from Paired-end Reads of Island, Peninsular, and Mainland GOEAs. All
individuals (marked by banding identifiers, Band ID) were mapped back to the GOEA reference genome (Van Den Bussche et al., 2017;
NCBI assembly accession number: GCA_000766835.1) where the number of successfully mapped reads (post quality control) are
shown. Mean coverage and the number of single nucleotide variants (SNVs) were identified. Theta (!) was measured across the genome,
the long-term evolutionary Ne estimated was estimated using a mutation rate from a closely related species, and the average nucleotide
diversity was calculated per genomic site within each population measures after bootstrap resampling with corresponding standard errors
and 95% confidence intervals.

Bootstrap Resampling

Regions

Band ID

Number of

Mean

reads

Coverage

Number
of SNVs

!

Ne

" ± SE

CI (95%)

92,307.7

0.391 ± 0.0002

[0.3904 - 0.3909]

103,846.2

0.434 ± 0.0002

[0.4337 - 0.4342]

119,230.8

0.424 ± 0.0002

[0.4233 - 0.4238]

identified

Island
Individual #1

0629-47383

433,002,386

45.7 ± 11.8

2,313,420

0.0012

Individual #2

SCR-36-EE07

653,257,221

69.6 ± 14.0

2,336,595

0.0012

Peninsular
Individual #1

0679-02659

500,054,288

51.6 ± 12.1

2,476,087

0.0014

Individual #2

0719-01389

559,346,272

59.0 ± 12.6

2,398,854

0.0013

Mainland
Individual #1

0679-02608

432,232,768

39.1 ± 10.5

2,337,308

0.0013

Individual #2

0679-02708

730,528,868

74.3 ± 16.9

2,941,654

0.0018
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Table 3. Runs of Homozygosity (ROHs) Statistics and Inbreeding Coefficients for Island, Peninsular, and Mainland GOEAs as
Determined from Whole Genome Sequences. ROHs were estimated using PLINK, a sliding window size of 20 SNPs, and constraining
the ROHs to contain at least 20 SNPs. The number of ROHs (NROHs) was defined as the total number of all ROHs within an
individual. The minimum, maximum, median, and mean number of ROHs are provided for each individual. The estimated total ROH
length is the total sum of the length of the genome that was encompassed by the ROHs (SROHs). The inbreeding coefficient
corresponds to the proportion of the genome in ROHs. A Kruskal-Wallis statistical test on all three groups did not identify
significance differences among the three geographic groupings.
Bootstrap Resampling
Regions

NROHs

Min

Max

length

length

(kb)

(kb)

Median

Mean ROH

Mean ROH

(kb)

length (kb)

length ± SE

Island

82.83 ± 2.24

CI (95%)

SROH
(kb)

Inbreeding
Coefficient
(FROH)

[80.59 – 85.07]

0629-47383

3,876

1.1

3,398.6

27.4

80.9 ± 186.4

313,642.8

0.26

SCR-36-EE07

3,963

1.0

5,491.9

25.6

84.8 ± 209.9

335,958.7

0.28

Peninsular

58.93 ± 1.43

[57.50 – 60.35]

0679-02659

3,670

1.1

1,818.3

21.9

47.4 ± 79.8

173,846.0

0.15

0719-01389

3,999

1.0

3,283.3

25.5

69.6 ± 157.0

278,111.0

0.23

Mainland

69.62 ± 1.42

[68.20 – 71.03]

0679-02608

4,080

1.1

2,389.2

26.8

78.6 ± 153.2

320,756.9

0.27

0679-02708

4,112

1.0

1,494.7

25.4

60.7 ± 100.9

249,510.7

0.21

0.180

0.867

0.156

0.277

0.156

0.277

0.2765

Kruskal-Wallis Test
p-value
All three regions

-

-
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Figure 1. Topographical map of southwest North America and the Baja California Peninsula. The sampling locations for the six genome
assemblies are labeled with white circles on the map. Additionally, the terrestrial ecoregions established by The Nature Conservancy
(TNC; 2008) are illustrated. The extent of San Andreas fault line is shown which is the Pacific plate and the North American plate. The
inset map provides a more detailed look at the Channel Islands located off the coast of California.
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Figure 2. STRUCTURE Analysis results of individuals from three sampling localities—island,
peninsular, and mainland. The island group consisted of chicks and adults (n=17), the peninsular
group consisted of chicks and adults (n=35), and the mainland group consisted of only chicks
(n=35). The STRUCTURE analysis was conducted at 86 SNP loci where K was best assumed to
be equal to 2 (Appendix A).
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Figure 3. Length and Abundance of ROHs Size Classes Captured in Six Genome Assemblies.
Each individual is labeled with a unique color in addition to population information in the
legend. The ROH size classes are displayed on the x-axis, while the frequency of the ROH size
on the y-axis.
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APPENDIX

Figure A.1. Evanno’s calculated first and second order rates of changes of LnPr(K) and Delta K
from STRUCTURE. The calculated methods include: A) mean likelihood scores and standard
deviations; B) first order rate of change in likelihood distribution with standard deviations; C)
second order rate of change in likelihood distribution with standard deviations; and D) plot of
Delta K model scores. The three sampling localities—island, peninsular, and mainland used to
produce the results. Complimentary to figure 2 in text.
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Figure A.2. STRUCTURE analysis results of individuals from the peninsular and mainland
regions. The peninsular group consisted of chicks and adults (n=35), and the mainland group
consisted of only chicks (n=35). The STRUCTURE analysis was conducted at 86 SNP loci and it
was not clear the best assumed K value to be (Appendix figure A.3).
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Figure A.3. Evanno’s calculated first and second order rates of changes of LnPr(K) and Delta K
from STRUCTURE. The calculated methods include: A) mean likelihood scores and standard
deviations; B) first order rate of change in likelihood distribution with standard deviations; C)
second order rate of change in likelihood distribution with standard deviations; and D) plot of
Delta K model scores. Two sampling localities—peninsular and mainland were used to produce
the results. Complimentary to Appendix figure A.2.
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Figure A.4. STRUCTURE analysis results of individuals from the peninsular and mainland
regions. Both groups consisted of only chick samples (peninsular n=7, and mainland n=17). The
STRUCTURE analysis was conducted at 86 SNP loci it was not clear the best assumed K value to
be (Appendix figure A.5).
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Figure A.5. Evanno’s calculated first and second order rates of changes of LnPr(K) and Delta K
from STRUCTURE. The calculated methods include: A) mean likelihood scores and standard
deviations; B) first order rate of change in likelihood distribution with standard deviations; C)
second order rate of change in likelihood distribution with standard deviations; and D) plot of
Delta K model scores. Two sampling localities—peninsular and mainland were used to produce
the results. Complimentary to Appendix figure A.4.

41

Figure A.6. STRUCTURE analysis results of individuals from the peninsular, immediate
surrounding areas of peninsular, and mainland regions. Both groups consisted of only chick
samples (peninsular n=7, peninsular-surrounding n=10, and mainland n=17). The STRUCTURE
analysis was conducted at 86 SNP loci it was not clear the best assumed K value to be (Appendix
figure A.7).
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Figure A.7. Evanno’s calculated first and second order rates of changes of LnPr(K) and Delta K
from STRUCTURE. The calculated methods include: A) mean likelihood scores and standard
deviations; B) first order rate of change in likelihood distribution with standard deviations; C)
second order rate of change in likelihood distribution with standard deviations; and D) plot of
Delta K model scores. Three sampling localities—peninsular, peninsular-surrounding and
mainland were used to produce the results. Complimentary to Appendix figure A.6.
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Figure A.8. STRUCTURE analysis results of individuals from the combined peninsular region
(peninsular + immediate surrounding areas/counties) and mainland regions. Both groups consisted
of only chick samples (peninsular-region n=17, and mainland n=17). The STRUCTURE analysis
was conducted at 86 SNP loci it was not clear the best assumed K value to be (Appendix figure
A.9).
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Figure A.9. Evanno’s calculated first and second order rates of changes of LnPr(K) and Delta K
from STRUCTURE. The calculated methods include: A) mean likelihood scores and standard
deviations; B) first order rate of change in likelihood distribution with standard deviations; C)
second order rate of change in likelihood distribution with standard deviations; and D) plot of
Delta K model scores. Two sampling localities—peninsular-region and mainland were used to
produce the results. Complimentary to Appendix figure A.8.
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Figure A.10. STRUCTURE analysis results of individuals from the peninsular region (San Diego
+ Orange County) and mainland regions. Both groups consisted of only chick samples (peninsularregion n=10, and mainland n=20). The STRUCTURE analysis was conducted at 86 SNP loci it
was not clear the best assumed K value to be (Appendix figure A.11).
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Figure A.11. Evanno’s calculated first and second order rates of changes of LnPr(K) and Delta K
from STRUCTURE. The calculated methods include: A) mean likelihood scores and standard
deviations; B) first order rate of change in likelihood distribution with standard deviations; C)
second order rate of change in likelihood distribution with standard deviations; and D) plot of
Delta K model scores. Two sampling localities, peninsular-region and mainland, were used to
produce the results. Complimentary to Appendix figure A.10.
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Figure A.12. STRUCTURE analysis results of individuals from island (n=17) and mainland
(n=17) regions with equal numbers of randomly chosen individuals from the mainland. The
STRUCTURE analysis was conducted at 86 SNP loci where K is best assumed to be equal to 2
(see Appendix figure A.13). The island group consisted of both chicks and adults whereas the
mainland group consisted of only chicks.
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Figure A.13. Evanno’s calculated first and second order rates of changes of LnPr(K) and Delta K
from STRUCTURE. The calculated methods include: A) mean likelihood scores and standard
deviations; B) first order rate of change in likelihood distribution with standard deviations; C)
second order rate of change in likelihood distribution with standard deviations; and D) plot of
Delta K model scores. Two sampling localities—island and mainland—were used to produce the
results. Complimentary to Appendix figure A.12.

